Abstract
Abetalipoproteinemia (ABL) is an inherited disease characterized by the defective assembly and secretion of apolipoprotein B-containing lipoproteins caused by mutations in the microsomal triglyceride transfer protein large subunit (MTP) gene (MTTP). We report here a female patient with an unusual clinical and biochemical ABL phenotype. She presented with severe liver injury, low levels of LDL-cholesterol, subnormal levels of vitamin E, but only mild fat malabsorption and no retinitis pigmentosa or acanthocytosis. Our objective was to search for MTTP mutations and to determine the relationship between the genotype and this particular phenotype.
The subject exhibited compound heterozygosity for two novel MTTP mutations: one missense mutation (p.Leu435His) and an intronic deletion (c.619-5_619-2del). COS-1 cells expressing the missense mutant protein exhibited negligible levels of MTP activity. In contrast, the minigene splicing reporter assay showed an incomplete splicing defect of the intronic deletion with 26% of the normal splicing being maintained in the transfected HeLa cells.
The small amount of MTP activity resulting from the residual normal splicing in the patient explains the atypical phenotype observed. Our investigation provides an example of a functional analysis of unclassified variations, which is an absolute necessity for the molecular diagnosis of atypical ABL cases. Abetalipoproteinemia (ABL; OMIM#200100) is an autosomal recessive hypocholesterolemia usually detected during infancy due to failure to thrive, severe diarrhoea and a lipid malabsorption syndrome. Sixty years ago, Bassen and Kornzweig described this disease for the first time (1) and forty years later, the role of MTP (microsomal triglyceride transfer protein large subunit) was discovered (2) (3) (4) (5) .
MTP forms a heterodimer with protein disulfide isomerase (PDI) also named prolyl 4-hydroxylase beta polypeptide (P4HB) which is responsible of the assembly of apolipoprotein B (ApoB) containing lipoproteins in the liver and the intestine. cases of ABL (7) (8) (9) (10) (11) (12) . In some instances, the prediction of altered MTP function is readily made on the basis of premature stop codons, mutations in canonical splice sites or frameshift mutations. In other cases, the functional consequences have been difficult to predict (13) (14) (15) , even if the mutations co-segregate with clinical phenotype.
The measurement of MTP activity (2, 3, 6, 11, 13, 16, 17) and the consequence of intronic mutations (9, 11) have been studied in only a few cases due to the necessity of additional intestinal or hepatic biopsies.
ABL patients are usually diagnosed during infancy and they exhibit marked lipid malabsorption, very low levels of cholesterol and triglycerides, the absence of inserm-00813163, version 1 -15 Apr 2013 ApoB in the plasma, the absence of chylomicrons after fat loading, and essential fatty acid and fat-soluble vitamin deficiencies (particularly vitamin E). Hepatic steatosis has not been reported uniformly (although it is frequent), and hepatic fibrosis or cirrhosis has been reported in a few cases (18, 19) . We report here an atypical case of ABL presenting in childhood with severe liver injury, hypocholesterolemia associated with a low (but not absent) levels of plasma ApoB and a subnormal level of plasma vitamin E. Furthermore, the patient exhibited normal development into adulthood. ABL was suspected because of the presence, at the ultrastructural level, of large amounts of free lipid droplets accumulated in the cytoplasm of enterocytes and hepatocytes in intestinal and liver biopsies.
The patient was found to be compound heterozygous for two novel mutations in the MTTP gene, one intronic (c.619-5_619-2 del, from her mother) and the other a missense mutation (p.Leu435His, from her father). The possible functional impact of these two mutations was not readily apparent. Since no additional biopsy material was available from the patient, two different assays were established. COS-1 cells were transfected with wild type and several mutant MTTP cDNAs in order to evaluate the impact of the missense mutation on MTP activity and HeLa cells were transfected with wild-type and mutant minigenes to evaluate possible defects in splicing.
Material and methods

Patient (diagnosis and follow-up)
A 4 year-old girl was referred for an anicteric chronic hepatitis fortuitously discovered 10 months previously. The level of blood transaminases were consistently elevated and ranged from 5 to 7 times the normal values associated with bilirubinemia in the absence of inflammation or hepatic insufficiency. Upon clinical inserm-00813163, version 1 -15 Apr 2013 examination, the liver was moderately enlarged and firm, but there was no other sign of chronic liver disease. The patient's growth was normal. The patient's parents altered her diet to avoid fatty foods following episodes of diarrhoea in the first months of life. The levels of total cholesterol and ApoB in the plasma were found to be low, whereas the level of triglyceride was normal (Table1). The parents were not related and they had normal levels of blood lipids.
A perendoscopic jejunal biopsy, performed as previously described (20) , showed a white mucosa. Electron microscopic examination of the biopsy showed enterocytes with many small or very large free lipid droplets scatterred throughout the cytoplasm (Figure 1a, 1b) . Examination by ultrasound showed that the liver was moderately enlarged and slightly hyper-echogenic. A percutaneous liver biopsy showed extensive fibrosis (scored F3 according to the METAVIR scoring system (21)) which was associated with a massive micro-and macro-vesicular steatosis.
Large amounts of free lipid droplets were observed in the cytoplasm by electron microscopy ( Figure 1c) . Abetalipoproteinemia was suspected although retinitis pigmentosa and acanthocytosis were absent and the blood vitamin E level was only slightly decreased. The fecal fat content, measured over a 3 day period, was also normal (mean 2.8 g/24h, normal < 3g/24h). However, when the child consumed a normal fat diet (33% fat), diarrhoea occurred and steatorrhoea was 24 g/day. After an oral fat load (Table1), the level of serum triglycerides increased slightly and a small amount of chylomicrons appeared in the plasma, suggesting that some intestinal lipid absorption occurs accompanied by low levels of intestinal lipoprotein secretion. (25)).
Protein expression
To evaluate the p.Leu435His protein expression, two assays were performed. 
Metabolic labelling of intestinal biopsies
Intestinal biopsies from normal individuals and from the patient were placed into organ culture and metabolically labelled with [ 
Results
Identification of mutations
Sequencing was performed on the genomic DNA of the patient and her Figure 1B ). This deletion of a repeated motif (TTTA) is upstream the acceptor site. These mutations were found neither in our panel of 100 normal alleles from unrelated subjects nor in the 1000 genomes database (32).
The patient is also heterozygous for a well described polymorphism p.Gln95His inherited from her father. The frequency of this allele is between 5.4 and 6% in a healthy adult Caucasian population (England) and in a sample of 270 unrelated French Canadian men (6, 33) and 6.2% in a cohort of abetalipoproteinemia (6).
The patient had no mutation in the APOB, PCSK9 or ANGTL3 genes.
Analysis of c.1304 T>A, p.Leu435His:
The missense mutation (p.Leu435His) is located in exon 10 and affects a Figure 2C ).The p.Leu435His mutant, therefore, is functionally defective.
Analysis of c.619-5_619-2del:
Splicing predictions
All the algorithms predicted an effect on splicing with a decrease in the score for the acceptor site of intron 5 ranging from -10% for SSF-like to a complete abolition for GeneSplicer, (-44% for MaxEnt Scan, -38.9% for NNSplice, -79% for HSF). Given that all the algorithms predicted an effect on splicing, experimental 5, 6 ). The sequence of the 386 bp PCR product includes exon 6 of MTTP whereas exon 6 is skipped in the 248 bp product (Supplemental Data, Figure 3 ). This result shows that c.619-5_619-2del mutation produces two differently spliced transcripts: one containing exon 6 and the other without exon 6. Exon 6 skipping would result in a protein containing the first 206 MTP amino acids but followed by 26
aberrant amino acids and a premature stop codon. In vivo, this mutant mRNA might be targeted for nonsense mediated decay and degraded. By densitometry of the agarose gel, the amount of normal splicing for the mutant minigene is estimated to be 26% of that of the wild type ( Figure 3 ). These data indicate that the c.619-5_619-2del is a splice site mutation which can lead to the skipping of exon 6. However, the effect of this mutation on splicing is not complete and about 26% of the transcript is correctly spliced.
Biosynthesis of ApoB and MTP in intestinal organ culture
Immunoprecipitation with polyclonal antibodies to ApoB of the medium and the total homogenate of the organ culture of intestinal biopsies from the patient showed the synthesis of an ApoB48 identical in size to that of normal control subjects ( Figure   4 ). Analysis by densitometry with correction for the amount of incorporated TCA inserm-00813163, version 1 -15 Apr 2013 precipitable incorporated radioactivity showed that there is an intracellular retention of ApoB48 (1.6 fold more) and a decreased ApoB48 secretion (1.3 fold less).
Immunoprecipitation with polyclonal antibodies to MTP of the total homogenate of the organ culture of intestinal biopsies from the patient showed the synthesis of a large subunit of identical in size to that of normal control subjects.
However, by densitometric analysis, there was 2.49 fold less MTP synthesized in the patient's biopsy as compared to that of the normal control subject after correction. A protein band corresponding to the molecular mass of PDI co-immunoprecipitated with the MTP in the patient as was observed for the normal control subject (identical in amount as compared to that of the normal subject after correction).
Discussion
In this paper, we describe two new mutations in the MTTP gene: p.Leu435His Seven atypical cases of ABL have been reported (13-15, 19, 41, 42) . For five of these patients (Table 2 ) a molecular diagnosis of the mutation in MTTP was established. However, a functional assay of the mutation was performed in only one case (13) . Two of the cases (cases 1 and 2 in Table 2 ) are very surprising. Both the patients have deleterious mutations, however, the first patient exhibits a mild phenotype (42) and the other is almost asymptomatic (13) . Two other patients (cases 4 and 5 in Table 2 ) are homozygous for the same p.Ser590Ile mutation (14, 15) .
Unfortunately the functional impact of this mutation has not been established. Only the third case (19) ( Table 2) The enterocytes (a,b) and hepatocytes (c) were engorged with numerous small or very large lipid droplets (L) free in the cytoplasm. The Golgi apparatus (G) is empty (b). Hepatic intercellular spaces were sometimes enlarged with fibrosis (c). The cell nucleus is labelled N. 
